FSH is produced by the pituitary gonadotrope to regulate gametogenesis. Production of the ␤-subunit of FSH is the ratelimiting step in FSH synthesis, and a number of peptide and steroid hormones within the reproductive axis have been found to regulate transcription of the FSH ␤-subunit gene. Although both activin and glucocorticoids are notable regulators of FSH␤ by themselves, we find that cotreatment results in a synergistic interaction on the mouse FSH␤ promoter at the level of the gonadotrope using transient transfection of a reporter gene into the L␤T2 immortalized gonadotrope-derived cell line. This synergistic interaction is specific to FSH␤, because only additive effects of these two hormones are observed on LH ␤-subunit, GnRH receptor, and mouse mammary tumor virus gene expression. Components of both activin and glucocorticoid signaling are found to be necessary for synergy, and there are specific cis elements on the mouse FSH␤ promoter that contribute to the synergistic response as well. We also identify novel activin-responsive regions in the mouse FSH␤ promoter and find that the ؊120 site can bind Smad2/3 in vitro. In addition, the glucocorticoid receptor and Smad3 are sufficient to confer a striking synergy with glucocorticoids on the mouse FSH␤ promoter. Our studies provide the first evidence of a synergistic interaction between activin and glucocorticoids within the gonadotrope cell and demonstrate that this synergy can occur directly at the level of the mouse FSH␤ promoter. (Endocrinology 148: 762-773, 2007) 
FSH is produced by the pituitary gonadotrope to regulate gametogenesis. Production of the ␤-subunit of FSH is the ratelimiting step in FSH synthesis, and a number of peptide and steroid hormones within the reproductive axis have been found to regulate transcription of the FSH ␤-subunit gene. Although both activin and glucocorticoids are notable regulators of FSH␤ by themselves, we find that cotreatment results in a synergistic interaction on the mouse FSH␤ promoter at the level of the gonadotrope using transient transfection of a reporter gene into the L␤T2 immortalized gonadotrope-derived cell line. This synergistic interaction is specific to FSH␤, because only additive effects of these two hormones are observed on LH ␤-subunit, GnRH receptor, and mouse mammary tumor virus gene expression. Components of both activin and glucocorticoid signaling are found to be necessary for synergy, and there are specific cis elements on the mouse FSH␤ promoter that contribute to the synergistic response as well. We also identify novel activin-responsive regions in the mouse FSH␤ promoter and find that the ؊120 site can bind Smad2/3 in vitro. In addition, the glucocorticoid receptor and Smad3 are sufficient to confer a striking synergy with glucocorticoids on the mouse FSH␤ promoter. Our studies provide the first evidence of a synergistic interaction between activin and glucocorticoids within the gonadotrope cell and demonstrate that this synergy can occur directly at the level of the mouse FSH␤ promoter. (Endocrinology 148: 762-773, 2007) F SH IS PRODUCED SOLELY in the gonadotrope cells of the anterior pituitary and is critical for follicular development (1) . Female mice lacking FSH are infertile due to a block in folliculogenesis at the preantral stage (2) . FSH levels are coordinately regulated by several hormones including GnRH, activin, and steroid hormones (1) . During the estrous cycle, a surge in GnRH during the afternoon of proestrus triggers a surge in both of the gonadotropin hormones, FSH and LH, resulting in ovulation of the mature follicle in response to the LH surge (3) . Several hours later, on the morning of estrus, a secondary FSH surge is observed that is independent of GnRH and does not correspond with a surge in LH (4, 5) . At the transcriptional level, the secondary FSH surge is preceded by an increase in mRNA levels of the unique FSH ␤-subunit (6) , the synthesis of which is the ratelimiting step in the production of FSH (7, 8) . Interestingly, it is the secondary FSH surge that appears to be essential for follicular recruitment, whereas it is unclear what role the primary FSH surge plays (9) . Therefore, understanding the mechanisms governing the secondary FSH surge is impor-tant in understanding the overall regulation of FSH and its role in fertility.
Glucocorticoids have a well-documented ability to regulate FSH (10) , and endogenous glucocorticoids have been reported to be important for maintaining the secondary FSH surge (11) . Although traditionally known for their roles in maintaining cardiovascular, metabolic, immunological, and developmental functions, glucocorticoids are also critical for reproductive functions such as lactation (12) (13) (14) . Glucocorticoids have been shown to positively regulate FSH␤ expression both in whole-animal studies (15, 16) as well as in primary pituitary cultures (17) (18) (19) . Furthermore, our laboratory has recently demonstrated that glucocorticoids can directly regulate FSH␤ transcription at the level of the gonadotrope cell using the L␤T2 immortalized cell line (20) . Together, these data suggest a connection between adrenal steroids and proper regulation of the reproductive axis.
Activin is another potent regulator of FSH, and its disruption results in decreased FSH production and subfertility (21, 22) . Activin is produced within the anterior pituitary as well as the gonads and acts in an endocrine, paracrine, and autocrine manner (23) . Activin action is antagonized by inhibin and follistatin, both of which fluctuate throughout the estrous cycle. This results in varying levels of bioavailable activin during the cycle (24, 25) . Physiologically, normal glucocorticoid levels peak at the same time that follistatin and inhibin decrease, resulting in simultaneously high, active levels of both activin and glucocorticoids (26, 27) . An interaction between activin and glucocorticoids in the regulation of FSH␤ was previously reported in studies using primary rodent pituitary cultures (18) . The mechanism of interaction is currently unknown, although hormonal cooperation in the gonadotrope may be common because activin has been shown recently to synergize with both GnRH and androgens in the regulation of FSH␤ gene expression (28, 29) .
The immortalized L␤T2 gonadotrope cell line has proved invaluable in studying the molecular mechanisms of FSH␤ regulation by activin and steroids (20, 28 -32) . In this study, we investigate the molecular mechanisms by which activin and glucocorticoids synergistically regulate FSH␤ expression. We demonstrate that the gonadotrope cell is sufficient to observe synergy between activin and glucocorticoids. Furthermore, we show that the synergy occurs directly on the FSH␤ promoter and demonstrate that components of both activin and glucocorticoid signaling pathways are necessary for the synergy. Additionally, we identify novel activin-responsive regions in the FSH␤ promoter and find that the Ϫ120 site can bind Smad2/3 in vitro. This study furthers our understanding of how both activin and glucocorticoids can regulate FSH␤ expression and underscores the profound effects of activin on FSH␤ regulation.
Materials and Methods Hormones
Dexamethasone and corticosterone were obtained from Sigma-Aldrich (St. Louis, MO). Activin A was obtained from Calbiochem (La Jolla, CA) and follistatin from R&D Systems (Minneapolis, MN). Vehicle for all experiments was ethanol unless otherwise noted.
Reporter and expression plasmids
The reporter plasmids Ϫ1000FSHluc and Ϫ1200GnRHRluc were previously described in Refs. 20 and 33, respectively; the Ϫ1800LHluc was kindly provided by Mark Lawson and MMTVluc is described in Ref. 29 . The following site-specific mutations in the Ϫ1000FSHluc reporter plasmid have been previously described: 120m and 153m in Bailey et al. (32) and 139m, 197m, and 381m in Thackray et al. (20) . The remaining sitespecific mutations in the Ϫ1000FSHluc reporter plasmid were generated using the QuikChange mutagenesis kit (Stratagene, La Jolla, CA) according to the manufacturer's protocol with the following oligonucleotides: 267m (5Ј-AGATCAGAAAGAAATAGTagctACTCTAGAGT-CACATTTAATTTAC-3Ј) and 106m (5Ј-GTCTAAACAAaGATct-CCTTTCAGCAGGCTTTATGTTGGTATTGG-3Ј). The 5x reporter contains mutations in the Ϫ267, Ϫ153, Ϫ139, Ϫ120, and Ϫ106 regions of the FSH␤ promoter and was constructed using the 153m reporter and then making the subsequent Ϫ267 mutation using the 267m oligonucleotide described. The remaining mutations in the Ϫ139/Ϫ120/Ϫ106 sites were made using the oligonucleotide (5Ј-TGCTTTGcCGAGGCTTcATgTC-CCTGTCCGTagAAACAAaGATctCCT-3Ј). The expression vector for Smad7 was kindly provided by Rik Derynck, and Smad3 was provided by Theresa Guise. The wild-type GR plasmid was provided by Keith Yamamoto. The GRdim4 mutant is described in Thackray et al. (20) . The mutant GRDBDmut contains a mutation in its DNA-binding domain, C476W/R479Q, and is described in Ref. 34 . This mutation was generated using the QuikChange mutagenesis kit and the oligonucleotide (5Ј-CTGCCCAGCATGgCGCTATCaGAAATGTCTTCAGGCTGGAAT-G-3Ј).
Cell culture and transient transfections
All of the cell culture and transient transfection experiments were performed with the L␤T2 cell line (30, 35) . L␤T2 cells were maintained in 10-cm-diameter dishes in DMEM (Cellgro; Mediatech, Herndon, VA) supplemented with 10% fetal bovine serum (Omega Scientific, Inc., Tarzana, CA) at 37 C with 5% CO 2 . One day before transfection, 3 ϫ 10 5 cells per well were plated into 12-well plates. Transient transfection was performed using Fugene 6 reagent (Roche Molecular Biochemicals, In-dianapolis, IN) following the manufacturer's instructions. Each well was transfected with 0.4 g reporter plasmid. Additionally, the cells were transfected with 0.2 g glucocorticoid receptor (GR) (unless otherwise noted) to observe a robust hormone induction (20) . When applicable, 0.2 g of the indicated expression vector or its empty vector control was also transfected. As an internal control for transfection efficiency, the L␤T2 cells were transfected with 0.2 g of a reporter plasmid containing ␤-galactosidase (␤-gal) driven by the herpes virus thymidine kinase promoter (TK␤-gal). The cells were switched to serum-free DMEM supplemented with 0.1% BSA, 5 mg/liter transferrin, and 50 nm sodium selenite at 6 h after transfection. The following day, the cells were treated with ethanol (vehicle control) or hormone for 24 h. The cells were washed once with 1ϫ PBS and then lysed with 0.1 m K-phosphate buffer (pH 7.8) containing 0.2% Triton X-100. After lysing, the cells were assayed for luciferase activity using a buffer containing 100 mm Tris-HCl (pH 7.8), 15 mm MgSO 4 , 10 mm ATP, and 65 m luciferin. ␤-Galactosidase activity was measured using the Galacto-light assay (Tropix, Bedford, MA) according to the manufacturer's protocol. Both luciferase and ␤-galactosidase activity were measured using an EG&G Berthold microplate luminometer (PerkinElmer Corp., Norwalk, CT).
EMSA
Nuclear extracts were prepared from L␤T2 cells as previously described (36) . Probes were end-labeled using T 4 polynucleotide kinase (New England Biolabs, Beverly, MA) and were column purified using Micro Bio-Spin chromatography columns (Bio-Rad Laboratories, Hercules, CA). Binding reactions were carried out using 4 g nuclear protein and 4 fmol 32 P-labeled oligonucleotide at 4 C for 30 min in a DNAbinding buffer containing 5 mm dithiothreitol, 0.025 g/l poly-dIdC, 1 mm phenylmethylsulfonyl fluoride, 0.25 mg/ml BSA, and binding buffer, 50 mm HEPES (pH 7.8), 250 mm KCl, 5 mm EDTA, 25 mm spermidine, 30% glycerol, and 10% Ficoll. After 30 min, the DNAbinding reactions were run on a 5% polyacrylamide gel (30:1 acrylamide: bisacrylamide) in 0.5ϫ TAE buffer. A 500-fold excess of the relevant oligonucleotide was used for competition. Antibodies specific for phosphorylated Smad2/3 (Santa Cruz Biotechnology, Santa Cruz, CA) and the nonspecific rabbit IgG (Santa Cruz Biotechnology) were used to detect specific protein binding. Oligonucleotides used in EMSA include 120 WT, 5Ј-CTCCCTGTCCGTCTAAACAA-3Ј; 153, 5Ј-CTGTGGCATT-TAGACTGCTTTGG-3Ј; 153m, 5Ј-CTGTGGCATTTCTACTGCTTTGG-3Ј; 139, 5Ј-AGACTGCTTTGGCGAGGCTTGATCTCCCTGTCCGT-3Ј; 139m, 5Ј-AGACTGCTTTGCCGAGCTTCATGTCCCTGTCCGT-3Ј; 106, 5Ј-AAACAATGATTCCCTTTCAGCAGGCTTT-3Ј; and 106m, 5Ј-AAA-CAAGGATCTCCTTTCAGCAGGCTTT-3Ј.
Statistical analyses
Transient transfections were performed in triplicate, and each experiment was repeated at least three times. The data were normalized for transfection efficiency by expressing luciferase activity relative to ␤-galactosidase activity and relative to the empty pGL3 plasmid to control for hormone effects on the vector DNA. The data were analyzed by the Student's t test for independent samples, by one-way ANOVA followed by post hoc comparisons with the Tukey-Kramer honest significant difference test, or by two-way ANOVA using the statistical package JMP 5.0 (SAS, Cary, NC). Significant differences were designated as P Ͻ 0.05. The results are presented as fold induction relative to the vehicle control.
Results

Activin and glucocorticoids specifically activate the FSH␤ promoter in a synergistic manner
Numerous hormones regulate gonadotropin production at multiple levels of the reproductive axis. An important focus in the field is to understand how these hormones interact with each other to properly regulate fertility. Both activin and glucocorticoids can regulate FSH levels, and there is evidence that these two hormones interact (18) . Although primary gonadotrope cells have been shown to express the GR (37), it is unknown whether this interaction occurs at the level of the gonadotrope cell and by what mechanism. To test whether synergy between activin and glucocorticoids occurs on the FSH␤ promoter at the level of the gonadotrope, 1000 bp of the mouse FSH␤ promoter fused to a luciferase reporter gene (Ϫ1000FSHluc) was transiently transfected into the immortalized gonadotrope-derived cell line, L␤T2. Cells were treated for 24 h with vehicle (0.1% ethanol), 10 ng/ml activin, and/or 100 nm dexamethasone, a synthetic glucocorticoid analog, and changes in luciferase activity were monitored. Under these conditions, activin induces the FSH␤ promoter 3.7-fold, but there was no significant induction by dexamethasone alone (Fig. 1A) . However, cotreatment of both activin and dexamethasone resulted in a 5.4-fold induction, and the interaction between these two hormones was determined to be synergistic by two-way ANOVA (38) .
Because L␤T2 cells express a low level of endogenous GR (20) and glucocorticoids and activin can synergize on the FSH␤ promoter as seen in Fig. 1A , exogenous GR was transfected into the L␤T2 cells to amplify the response. In the presence of exogenous GR, activin induced Ϫ1000FSHluc by 4.5-fold, and dexamethasone induced expression by 12-fold, whereas cotreatment with activin and dexamethasone resulted in an 84-fold activation (Fig. 1B) . This striking interaction between activin and dexamethasone on the FSH␤ promoter is synergistic as determined by two-way ANOVA (38) . Synergy is also seen using activin and corticosterone, the endogenous active glucocorticoid metabolite in rodents. Activin alone gave a 5.8-fold induction, corticosterone alone a 3.4-fold induction, and activin plus corticosterone a 41-fold induction (Fig. 1C ). These results indicate that activin and glucocorticoids are able to synergistically interact to induce expression of the FSH␤ promoter at the level of the gonadotrope cell and that this can occur with endogenous GR present in the L␤T2 cells, although a much more dramatic response is seen upon addition of exogenous GR.
To ascertain whether glucocorticoid and activin treatment results in a general stimulatory effect on glucocorticoid-responsive genes, we tested whether there was an interaction between activin and dexamethasone on the mouse mammary tumor virus (MMTV) promoter. The MMTV promoter is highly responsive to glucocorticoids, and its ability to be regulated by GR is well characterized (39, 40) . The MMTV promoter fused to a luciferase promoter was transiently transfected in L␤T2 cells along with GR and treated with activin, dexamethasone, or both ( Fig. 2A ). Activin significantly repressed MMTV induction to 0.75-fold of the vehicle control, dexamethasone induced MMTV 97-fold, and treatment with both activin and dexamethasone induced MMTV 60-fold. The interaction between activin and dexamethasone was not synergistic as analyzed by two-way ANOVA, indicating that although both the FSH␤ and MMTV promoters are positively regulated by glucocorticoids, the synergy is specific to FSH␤.
To further address the question of whether the effect seen on FSH␤ expression is specific to this promoter or whether it is a result of a global effect on L␤T2 cells, we tested the effects of cotreatment of activin and dexamethasone on other genes expressed in the gonadotrope cells, specifically LH␤ and GnRH receptor (GnRHR). The proximal promoters of both of these genes have shown to be responsive to activin and glucocorticoids individually (20, (41) (42) (43) , although cotreatment with both hormones was not previously reported. The 1800 bp of the rat LH␤ promoter fused to a luciferase reporter (Ϫ1800LH␤luc) was transiently transfected into L␤T2 cells along with cotransfected GR. Upon treatment for 24 h, activin induced LH␤ expression 1.8-fold, whereas dexamethasone repressed LH␤ by 40% ( Fig. 2B ), consistent with previous reports (20, 41) . Cotreatment with both hormones essentially canceled out their individual effects on LH␤ and resulted in a net fold activation of 1.2. This additive effect was confirmed by two-way ANOVA. A second gonadotropeexpressed gene, GnRHR, was also tested. The 1200 bp of the mouse regulatory region of GnRHR fused to a luciferase reporter (Ϫ1200GnRHRluc) was transiently transfected into L␤T2 cells along with GR ( Fig. 2C ). Activin treatment induced GnRHR by 3-fold, whereas dexamethasone resulted in a 1.8-fold activation. Although both of these hormones in- After overnight starvation in serum-free media, the cells were treated for 24 h with vehicle (0.1% ethanol), 10 ng/ml activin, and/or 100 nM dexamethasone (Dex). B and C, Exogenous GR (200 ng) was transfected along with FSH␤luc reporter gene and TK␤gal and treated with vehicle, activin, and/or 100 nM dexamethasone or corticosterone (Cort) as indicated. The results represent the mean Ϯ SEM of at least three experiments performed in triplicate and are presented as fold induction relative to the vehicle control. *, Hormone treatment significantly different from the vehicle-treated control, using one-way ANOVA followed by Tukey's post hoc test; †, synergy between activin and dexamethasone by two-way ANOVA.
creased GnRHR expression, cotreatment was not synergistic with only a 3.4-fold activation. These experiments demonstrate that the synergy seen with cotreatment of activin and dexamethasone is specific to FSH␤ gene expression.
Activin signaling is important for synergy between activin and glucocorticoids on FSH␤ expression
Activin signals via its receptor using the Smad signaling pathway. Upon ligand binding, the activated receptor phosphorylates the receptor-regulated Smads, Smad2 and/or Smad3. Smad2/3 are then released into the cytoplasm, interact with the comediator Smad, Smad4, and translocate to the nucleus (44) where they activate transcription of activinresponsive genes. Activin signaling can be antagonized either through blocking its interaction with its receptor extracellularly using the activin-binding protein follistatin or by inhibiting Smad signaling through overexpression of the inhibitory Smad, Smad7, which binds the receptor intracellularly to block its interaction with Smad2/3 (45) . These an-tagonists of activin action were used to demonstrate that classical activin signaling is necessary for generating a synergistic response on FSH␤. L␤T2 cells were transfected with Ϫ1000FSH␤luc and GR and then treated for 24 h with vehicle (ethanol), activin, or dexamethasone or cotreated with both. Additionally, cells were treated with either the vehicle for follistatin (PBS) and luciferase activity was normalized to the PBS-treated vehicle control (Fig. 3A, black bars) or cells were treated with follistatin (100 ng/ml) and the luciferase response was normalized to the follistatin-treated vehicle control ( Fig. 3A, striped bars) . Inclusion of follistatin significantly reduced activin induction, an effect that has been previously described (30) . Induction with dexamethasone alone was reduced from 25-fold to 7-fold, and the synergy between activin and dexamethasone was reduced from 103-fold to 21-fold. Although one might expect follistatin to have no effect on dexamethasone induction of FSH␤, the L␤T2 cells produce endogenous activin that is likely contributing to the dexamethasone induction of FSH␤. The addition of follistatin appears to block the effects of this endogenous activin, resulting in a reduction of dexamethasone induction of FSH␤ to 7-fold. These results indicate that the ability of activin to bind its receptor is necessary for maintaining a full synergistic response.
To examine the specific contributions of the activin receptor signaling cascade to the synergy between activin and glucocorticoids, we overexpressed the inhibitory Smad, Smad7, along with Ϫ1000FSH␤luc and GR in L␤T2 cells. Cells were then treated for 24 h with vehicle, activin, and/or dexamethasone as indicated. Black bars represent cells transfected with the empty vector for Smad7, and the luciferase response was normalized to the empty-vector, vehicletreated control (Fig. 3B ). Dotted bars represent cells transfected with Smad7, and the luciferase response was normalized to the Smad7 vehicle-treated control. As can be seen in Fig. 3B , overexpression of Smad7 caused activin induction to be reduced from 4-fold to 1.5-fold, as has been shown previously (46) . Dexamethasone induction was reduced from 13-fold to 4-fold, and the synergy between activin and dexamethasone was reduced from 90-fold to 7-fold. These results further confirm that activin signaling is necessary for maintaining a full synergistic response. As with follistatin, the reduction of dexamethasone induction of FSH␤ by Smad7 likely represents the inhibition of signaling by endogenous activin produced by these cells.
Multiple sites in the FSH␤ promoter contribute to activin induction and the synergy between activin and glucocorticoids
Smads can bind DNA directly through Smad-binding elements (SBEs), such as the palindromic sequence GTCTA-GAC or the half sites GTCT or AGAC (47) . Several such elements in the mouse FSH␤ promoter have been previously implicated in activin signaling including the Ϫ267, Ϫ153, and Ϫ120 sites (28, 31, 32) . As can be seen in Fig. 4A , all three of these sites are putative SBEs, either representing a full consensus site (Ϫ267) or half-sites (Ϫ153 and Ϫ120). In addition, we have identified two other elements at Ϫ139 and Ϫ106 that also play a role in activin induction; however, these sites do not contain putative SBEs. The Ϫ139 site was originally identified as a putative steroid hormone response element (HRE) (20, 29, 48) , whereas the Ϫ106 corresponds to the Ϫ120 activator protein (AP)-1 site identified in the ovine FSH␤ promoter (49) . Transcription factors known to bind these specific elements are indicated in Fig. 4A , and although the Ϫ267 has been shown to bind Smad2, Smad3, and Smad4 (28, 31, 50) , it is less clear what role Smads play at the other cis elements. We sought to test the relative effects of all five of these cis elements on activin induction to compare and contrast the roles they play in generating a synergistic response with glucocorticoids. Specific mutations were made in the context of the Ϫ1000FSH␤luc reporter (underlined bases, Fig. 4A ) and designated 267m, 153m, 139m, 120m, and 106m. The 5x reporter plasmid contains all five mutations. These mutated plasmids were transiently transfected into L␤T2 cells, and relative luciferase activity was assayed after treatment with activin for 24 h. None of these mutations significantly affected basal expression of FSH␤ (data not shown). However, all five of these cis mutations significantly reduced activin induction, although only the 5x combination of mutations completely abolished it (Fig. 4B) . Interestingly, although the Ϫ267 element has been shown to be critical for Smad signaling (28, 31) , its mutation reduced the activin response by only 40%. Activin induction was reduced 50% by the Ϫ153 and Ϫ139 mutations, whereas the Ϫ120 mutation produced the most significant reduction of any single mutation with a 70% repression of activin response. These data indicate that multiple cis elements play roles in activin induction.
It is well established that activin signals through the Smad family members Smad2 and/or 3 (45) , and it has been shown that overexpression of Smad3 alone induces FSH␤ expression (28, 31, 46, 51) , whereas Smad3 knockout mice have reduced FSH␤ expression (41) . We hypothesized that if Smad3 were acting through these cis elements important for activin induction, then mutations at these sites would also inhibit the ability of Smad3 to activate FSH␤ expression. To test this, we overexpressed either Smad3 or its empty vector, along with Ϫ1000FSH␤luc or one of the five mutated reporter plasmids. All five of these mutations significantly reduced Smad3 induction of FSH␤; however, the Ϫ267 and Ϫ120 mutations had the most dramatic effects (Fig. 4C ). Induction of the 120m reporter was completely abolished, and induction of the 267m reporter was reduced 87%. Induction of the 106m reporter was significantly reduced; however, this mutation had the smallest effect with only a 38% reduction. The Ϫ153 and Ϫ139 mutations had similar effects with reductions of 61 and 67%, respectively. It appears from these data that the Ϫ267 and Ϫ120 sites are the most critical elements for Smad3 signaling on FSH␤. In the case of the Ϫ267 site, this is in accordance with previous reports (28, 31) .
Because all of these sites are important in activin induction and are critical for, or facilitate, Smad3 induction of the FSH␤ promoter, we sought to determine whether Smads could bind these sites. EMSA has demonstrated that Smad4 can bind the Ϫ267 site (28, 31) , and we confirmed this by EMSA as well (data not shown). We have previously demonstrated that Smad4 could form a higher-order complex with Pbx1 and Prep1 on the corresponding Ϫ120 putative SBE in the ovine FSH␤ promoter. This complex, however, was relatively unstable and could only be visualized when large amounts (20 g) of L␤T2 nuclear extract were used in EMSA (32) . To test whether Smad2/3 could bind the Ϫ120 putative SBE, an oligonucleotide encompassing Ϫ126 to Ϫ105 of the FSH␤ promoter was end-labeled with 32 P and incubated with L␤T2 nuclear extracts. Three specific complexes were detected ( Fig. 4D, arrows) that were reduced by self-competition (lane 2). Inclusion of a nonspecific control IgG antibody did not disrupt any of these bands (lane 3); however, inclusion of an antibody specific for phosphorylated Smad2/3 resulted in a supershift (lane 4, arrowhead). As an additional control, the antibody for phosphorylated Smad2/3 was incubated with probe alone; however, no corresponding nonspecific band is seen in the absence of extract (data not shown). EMSA was also performed with the Ϫ153, Ϫ139, and Ϫ106 sites; however, although specific complexes formed at each of these sites, complex disruption or supershift was not detected with antibodies to Smads (data not shown) (32) . These data indicate that the Ϫ120, like the Ϫ267 site, is a functional SBE. However, it is still unclear what proteins are interacting at the Ϫ153, Ϫ139, and Ϫ106 activin-responsive regions.
To further characterize the Ϫ153, Ϫ139, and Ϫ106 sites, we used EMSA to determine whether endogenous L␤T2 nuclear proteins bind to these elements. Specific protein complexes formed at each of these sites as indicated by competition with excess unlabeled wild-type probe. Mutant oligonucleotides were used that encompassed the same region as the wildtype probe but contained mutations corresponding to the mutations made in the Ϫ153, Ϫ139, and Ϫ106 sites in Fig. 4 . Excess unlabeled mutant oligonucleotides were no longer able to compete some complexes at each of these sites (Fig.  5, arrows) . This indicates that these sites are necessary for binding of specific L␤T2 nuclear proteins as well as being functionally important in activin induction of FSH␤ ( Fig. 4 ). There were also bands that were competed by both the wildtype and mutant oligonucleotides. This suggests that there are other binding sites within these regions; however, the functional significance of these sites is unclear. No change in complex formation upon hormone treatment, either with activin alone or with cotreatment of activin plus dexamethasone, was seen at any of these sites. This suggests that these proteins are basal transcription factors or that autocrine ac- tivin secreted by the L␤T2 cell is sufficient to cause their activation. However, mutations of these sites do not affect basal expression of the FSH␤ gene (data not shown).
As it became evident that multiple elements within the mouse FSH␤ promoter contribute to activin induction, it was important to determine whether any of these sites play a role in glucocorticoid induction or in the synergy between activin and glucocorticoids. To test this, wild-type Ϫ1000FSH␤luc and each of the five activin-responsive element mutants, 267m, 153m, 139m, 120m, or 106m, were transfected along with GR into L␤T2 cells and treated with vehicle and dexamethasone ( Fig. 6A ) or vehicle and cotreatment with both activin and dexamethasone (Fig. 6B ). Only the Ϫ139, which was originally identified as an HRE, significantly decreased the induction of FSH␤ by glucocorticoids alone (Fig. 6A) ; however, most of the mutations did significantly reduce synergy upon cotreatment of activin and glucocorticoids. A 45% reduction was seen on 267m, a 27% reduction on 153m, a 62% reduction with 139m, and a 60% reduction with 120m, but no reduction was seen with 106m ( Fig. 6B ). As with activin alone, all five mutations were needed to completely inhibit activin signaling and reduce the synergistic interaction between activin and dexamethasone to the level of dexamethasone alone.
To better understand what is occurring at the level of the FSH␤ promoter, we performed both EMSA and chromatin immunoprecipitation (ChIP) to visualize changes at the pro-moter. Specifically, we used EMSA to test whether differences in complex formation could be seen at any of the glucocorticoid or activin-responsive sites upon cotreatment of the hormones, but no differences were observed under any conditions tested (data not shown). We next used ChIP to analyze changes in promoter recruitment of GR, Smad3, or a cofactor used by both, cAMP response element binding protein-binding protein; however, no changes were seen upon hormone stimulation. We also investigated whether increased activation of the FSH␤ promoter resulted from increased histone acetylation. Again, no differences were seen upon cotreatment using analysis of the endogenous promoter FSH␤ promoter by ChIP with antibodies specific for acetylated H3 and H4 (data not shown). It remains possible that these types of changes are not occurring on the FSH␤ promoter or that the conditions and techniques used were not sufficiently sensitive to visualize those changes.
GR binding to DNA is necessary for the synergistic induction of FSH␤ gene expression by activin and glucocorticoids
To determine whether direct DNA binding by GR plays a critical role in the transactivation of FSH␤ by steroid hormones, we transfected L␤T2 cells with two different GR mutants that are incapable of binding DNA. The first mutant, GRdim4, has four point mutations in the dimerization domain. These mutations prevent homodimerization of GR and thus direct DNA binding to glucocorticoid response elements (GREs) but do not disrupt indirect DNA binding through interactions between GR and other transcription factors, such as AP-1, that occur through the DNA-binding domain (DBD) (34, 52) . The second GR mutant, GRDBDmut, contains a mutation in the DBD, C476W/R479Q, which also prevents direct DNA binding by the mutant (34) . This mutant should not disrupt any potential GR-Smad3 interactions, however, because GR and Smad3 do not interact through the DBD of GR (53) . Figure 7A shows L␤T2 cells transfected with Ϫ1000FSH␤luc and wild-type GR (black bars), GRdim4 (dotted bars), or GR DBD mutant (striped bars). As expected, neither GR mutant affected activin induction; however, both completely abolished dexamethasone induction and reduced the induction by both activin and dexamethasone from 130-fold with wild-type GR to 30-fold with GRdim4 and 9-fold with the GR DBD mutant. These data support the hypothesis that direct DNA binding of GR is critical for maintaining a full synergistic response.
We have previously identified three putative GREs in the mouse FSH␤ promoter at Ϫ381, Ϫ197, and Ϫ139 relative to the transcriptional start site and have shown GR to bind the Ϫ381 GRE in vitro by EMSA (20) . These specific sites were mutated in the context of the Ϫ1000FSH␤luc promoter and are designated 381m, 197m, and 139m, respectively. When L␤T2 cells were transfected with GR and either wild-type FSH␤luc or one of the three mutant reporters and then treated with dexamethasone for 24 h, the 381m mutation completely abolished the induction by dexamethasone, whereas the 197m reduced induction by 78% and the 139m by 37% (Fig. 7B ). These results are in accordance with our earlier results (20) .
Next, we sought to determine whether these cis elements in the FSH␤ promoter known to be critical for dexamethasone induction are also important for the synergy between activin and dexamethasone. Again, L␤T2 cells were transfected with GR and either wild-type Ϫ1000FSH␤luc or the 381m, 197m, or 139m mutant reporter plasmids and treated for 24 h with vehicle or both activin and dexamethasone. The 381m had the most dramatic effect with a 92% reduction from 138-fold induction with wild-type to 9-fold induction with 381m (Fig. 7C) . The 197m and 139m had similar effects, with the 197m reducing induction to 46-fold, a 67% reduction, and 139m reducing the induction to 49-fold, a 65% reduction. None of these mutations reduced basal expression, and only the 139m reduced activin induction of FSH␤ (data not shown; and Fig. 4 ). From these data, it is clear that if a mutation is made that prevents DNA binding by GR, either through a mutation in the DBD of GR or a cis mutation in the mouse FSH␤ regulatory region, then synergy is dramatically reduced.
Smad3 and GR are sufficient to induce synergy
Synergy between activin and glucocorticoids is dependent on activin signaling as well as direct DNA binding of GR. Because activin signaling plays such a crucial role in main-taining the synergistic response and because Smad3 plays an important role in activin signaling, we tested whether Smad3 itself was sufficient to confer synergy in the absence of activin. As can be seen in Fig. 8 , L␤T2 cells were transiently transfected with Ϫ1000FSH␤luc and GR along with Smad3 FIG. 7. Disruption of GR binding to DNA significantly reduces the ability of activin and glucocorticoids to synergistically activate FSH␤ gene expression. A, The Ϫ1000FSH␤luc reporter gene with TK␤gal was transiently transfected into L␤T2 cells along with either 200 ng wild-type GR and normalized to the vehicle control transfected with wild-type GR (WT, black bars) or with mutant GR, either GRdim4 (dotted bars) or GR DBDmut (striped bars) and normalized to the vehicle control transfected with the corresponding mutant GR. After overnight starvation in serum-free media, the cells were treated for 24 h with 10 ng/ml activin and/or with 100 nM dexamethasone (Dex) as indicated. #, Induction by the mutant GR is significantly different from induction with wild-type GR by one-way ANOVA followed by Tukey's post hoc test. B and C, The wild-type Ϫ1000FSH␤luc reporter gene or one of three cis-mutated reporters, GR, and TK␤gal were transiently transfected into L␤T2 cells. After overnight starvation in serum-free media, the cells were treated for 24 h with either vehicle (white bars) or 100 nM dexamethasone (Dex, black bars) (B) or 10 ng/ml activin (Act) plus 100 nM dexamethasone (Dex, black bars) (C). *, Hormone treatment significantly different from the vehicle-treated control of the same reporter gene by Student's t test; #, induction of the mutant reporter gene is significantly different from the induction of the wild-type reporter gene, using one-way ANOVA followed by Tukey's post hoc test.
or its empty vector. The cells were then treated for 24 h with either vehicle or dexamethasone. Individually, Smad3 and dexamethasone both induced FSH␤ 10-fold; however, when cells were transfected with Smad3 and treated with dexamethasone, FSH␤ was induced 274-fold. Clearly, Smad3 in conjunction with activated GR is sufficient to induce synergy.
Discussion
Tight regulation of FSH levels during the estrous cycle is critical for reproductive fitness. Before the primary ovulatory surge, both LH and FSH are regulated by GnRH, but the regulation of the secondary FSH surge is not known. Several theories have been proposed to explain how the secondary FSH surge is regulated, such as a change in GnRH pulse frequency to favor FSH␤ transcription (7, 54) , a higher level of bioavailable activin due to the drop in inhibin and follistatin concentration that would selectively activate FSH␤ synthesis (24, 25) , or a rise in steroid hormone levels such as progestins and androgens that induce FSH␤ expression but inhibit LH␤ (10, 20) . Mounting evidence suggests that glucocorticoids can also have a positive impact on FSH␤ gene expression (15) (16) (17) (18) (19) . The present study adds to this body of evidence by demonstrating that glucocorticoids can synergize with activin to induce FSH␤ gene expression.
As mentioned previously, normal levels of glucocorticoids are critical for numerous physiological functions, including reproduction (12) (13) (14) . However, glucocorticoid levels are also known to rise dramatically during a time of stress, and thus glucocorticoids are also considered stress hormones. It has been postulated that during the time of stress, induction of FSH␤ is a protective mechanism (17) needed to maintain the health of the follicle for the following cycle while at the same time preventing ovulation during the stress. Because the primary goal of this study was to address the mechanism of FSH␤ regulation, more studies are needed to determine the effects of glucocorticoids on gonadotropin synthesis during normal reproductive function vs. during a stress response.
Both primary gonadotrope cells and the L␤T2 cells express GR (20, 37) . We demonstrate that synergy between activin and glucocorticoids can occur specifically at the level of the FSH␤ promoter using L␤T2 cells (Fig. 1A) . A similar effect on FSH␤ expression upon cotreatment of activin and dexamethasone was previously seen using primary rat pituitary cells (18) . Studies in whole animals and primary pituitary culture have established that glucocorticoids regulate FSH␤ expression (15, 16) , and it has been postulated that glucocorticoids may play a role in the FSH␤ secondary surge (11) . FSH␤ mRNA normally fluctuates within a very tight range of around 4-fold (6) . The secondary surge, although necessary for follicular development, is even lower than the primary surge. Therefore, small changes in FSH␤ transcript could significantly affect FSH synthesis during the estrous cycle. Even a modest synergistic activation of FSH␤ transcription by glucocorticoids and activin is a potential mechanism for quickly changing levels of FSH␤ transcript. Furthermore, the magnitude of synergistic induction is highly dependent on the amount of GR, as can be see when exogenous GR is added (Fig. 1B) . Whether GR levels fluctuate in the primary gonadotrope during development or during the estrous cycle remains to be investigated. This report focuses on the molecular mechanisms required for the synergistic induction of FSH␤ by glucocorticoids and activin.
Synergy on FSH␤ is not likely due to overexpression of GR alone or to a global effect on L␤T2 cells because no synergistic interaction was seen upon cotreatment with activin and dexamethasone on the MMTV, LH␤, or GnRHR promoters (Fig. 2) . Therefore, it is unlikely that the synergy on FSH␤ results from an induction of GR or components of activin signaling or a down-regulation of follistatin or inhibin, because these would also affect LH␤ and GnRHR regulation. Furthermore, glucocorticoids and activin were previously shown to interact and induce FSH␤ in primary rat pituitary cultures, whereas cotreatment with both activin and dexamethasone had no effect on the expression of the activin/ inhibin subunit ␤B, caused only a small repression on activin/inhibin subunit ␤A, and actually significantly induced follistatin expression (18) . This provides additional evidence that changes in the activin-inhibin-follistatin system alone cannot explain the synergistic interaction of activin and dexamethasone.
Not surprisingly, both activin and glucocorticoid signaling must be intact to generate a full synergistic response. If activin signaling is antagonized either through treatment with follistatin or overexpression of Smad7, the synergistic response is dramatically reduced (Fig. 3) . Both follistatin and Smad7 also reduced the dexamethasone induction of FSH␤. This is most likely because L␤T2 cells express endogenous activin (30) , which is probably amplifying the dexamethasone induction. However, even in the presence of follistatin or Smad7, dexamethasone significantly induced FSH␤ expression. Functional GR is also necessary to maintain synergy because use of a mutant GR results in a significant reduction in synergy (Fig. 7A) .
Because it is unlikely that the synergy between activin and glucocorticoids is produced indirectly via modulation of other genes in the gonadotrope cell and based on the data that both activin and glucocorticoid signaling are necessary in maintaining this synergistic response, we hypothesize that synergy occurs via direct regulation of the promoter by signaling mechanisms instigated by each of these hormones. Ϫ1000FSH␤luc reporter gene, GR, and TK␤gal were transiently transfected into L␤T2 cells along with either empty vector or Smad3 as indicated. After overnight starvation in serum-free media, the cells were treated for 24 h with either vehicle or 100 nM dexamethasone (Dex). *, Hormone treatment significantly different from the vehicletreated control, using one-way ANOVA followed by Tukey's post hoc test; †, synergy between activin and dexamethasone by two-way ANOVA.
Our data indicate that multiple sites on the FSH␤ promoter are necessary for a full synergistic response providing evidence that events directly at the level of the promoter are important in generating the synergistic response between activin and glucocorticoids.
Specifically, we show that multiple sites on the FSH␤ promoter appear to be necessary for activin induction. Three of the five sites, the Ϫ267, Ϫ153, and Ϫ120, were originally characterized because they are putative SBEs (Fig. 4A ). We also tested other putative SBEs on the mouse FSH␤ promoter at Ϫ375 and Ϫ355; however, mutations at these sites had no effect on activin induction (data not shown), indicating that the sequence GTCT or AGAC by itself is not enough to confer activin responsiveness. Additionally, two novel activin-responsive regions characterized in this study, the Ϫ139 and Ϫ106, are not putative SBEs. The Ϫ139 site was originally characterized as a putative HRE (20, 29, 48) , and the Ϫ106 corresponds to the Ϫ120 AP-1 site identified in the ovine FSH␤ promoter (49) . All five of these sites are important for maintaining a full activin response (Fig. 4B) , and mutations at these sites reduce Smad3 induction of FSH␤ as well (Fig.  4C ). Mutations at the Ϫ120 and Ϫ267 elements had the most dramatic effects on Smad3 signaling, and both of these sites can bind Smads in vitro (28, 31) (Fig. 4D ). Shi et al. (55) indicate that there is likely no difference in affinity for Smad binding between the half-sites and full sites, which could explain why the mutation in the half-site at Ϫ120 has as dramatic an effect on Smad3 signaling as the mutation in the full site at Ϫ267 (Fig. 4C ). This may also explain why the mutation at the Ϫ120 element had a greater effect on activin responsiveness of the FSH␤ promoter (Fig. 4B) . Although the Ϫ153, Ϫ139, and Ϫ106 sites also disrupt the ability of Smad3 to activate FSH␤, 40 -60% of wild-type induction is retained, and it appears that other base pairs or proteins bound to these regions are able to compensate for the mutation. EMSA analysis of these regions shows that specific L␤⌻2 protein complexes can bind (Fig. 5) ; however, no supershift indicating Smad binding was detected under our conditions (data not shown). It will be of future interest to examine the L␤T2 nuclear proteins binding to the Ϫ153, Ϫ139, and Ϫ106 regions and to investigate how these sites and their associated proteins are contributing to activin induction.
As with activin alone, mutations at these sites also inhibit the synergy between activin and glucocorticoids (Fig. 6B) , although there is no effect on glucocorticoid induction, except, as expected, with the mutation at Ϫ139 (Fig. 6A) . Interestingly, other than mutation of the Ϫ139 site, which reduces both glucocorticoid and activin signaling, a mutation in the Ϫ120 site produced the greatest reduction in synergy (Fig. 6B ). Because this site is critical for Smad3 signaling (Fig.  4C ) and can function as an SBE in vitro (Fig. 4D) , this may reflect a critical role of Smad3 in generating a synergistic response. In support of this, our data indicate that Smad3 alone is sufficient to generate a synergistic response with glucocorticoids and GR (Fig. 8) . For both activin signaling by itself and with synergy, multiple mutations in activin-responsive regions were required to abolish activin signaling (5x mutant, Fig. 4A ) and inhibit the synergy between glucocorticoids and activin to the level of glucocorticoids alone (5x mutant, Fig. 6B ), indicating that activin signals through multiple response elements.
Glucocorticoid induction and synergy with activin also require direct action at specific cis elements within the FSH␤ promoter. Three putative GREs were previously identified in the FSH␤ promoter at Ϫ381, Ϫ197, and Ϫ139, and GR was shown to bind the Ϫ381 GRE in vitro (20) . All three of these sites inhibit glucocorticoid induction, and the Ϫ381 completely abolishes induction (Fig. 7B) . Mutations in these sites also reduce synergy, with the Ϫ381 mutation having the most dramatic effect (Fig. 7C ). Inhibiting direct DNA binding of GR through two different mutations of GR, either by inhibiting dimerization with the GRdim4 mutant or mutation of the DBD domain with the GR DBDmut, also significantly reduced synergy (Fig. 7A) . The necessity of the Ϫ381 element and the data provided by the two GR mutants indicate the importance of direct DNA binding of GR in generating a synergistic response with activin.
The synergistic interaction between activin and glucocorticoids is interesting on multiple levels. Mechanistically, it is fascinating that two hormones could interact to induce the promoter so dramatically. Clearly, synergy is dependent on both the amount of GR (comparing the effect with endogenous vs. exogenous GR in Fig. 1 ) as well as the amount of activated Smad3 (compare synergy with activin in Fig. 1A with synergy with overexpressed Smad3 in Fig. 8 ). GR and Smad3 have been found to interact physically in other systems, although this interaction is not dependent on the GR DBD (53, 56) , unlike the interaction between GR and other transcription factors such as AP-1 (34) . Although it is possible that cotreatment with both hormones allows Smad3 and GR to interact and possibly stabilize one another on the promoter, it is unlikely that synergy is dependent solely on tethering of GR by Smads to the promoter because a mutation in the GR DBD, which still allows their interaction, dramatically reduces synergy (Fig. 7A ). As discussed in the Results, no changes were seen at the level of the promoter in response to both activin and glucocorticoids, although these results may reflect an inadequacy in the techniques for visualizing these changes. Future research will be directed toward discovering additional cofactors involved in this synergistic interaction.
At a physiological level, this synergistic interaction raises important questions as well. During the estrous cycle, GnRH peaks during the afternoon of proestrus, and this is immediately followed by a peak in both FSH and LH. However, several hours later, during the early morning of estrus, there is a secondary rise in FSH that is independent of GnRH and is not accompanied by a peak in LH (4, 5) . This differential regulation of FSH and LH is also mirrored at the transcriptional level of their respective ␤-subunits (6, 57) . It is possible that the ability of glucocorticoids to synergize with activin is one mechanism by which the secondary FSH surge is generated, independent of GnRH or LH. Glucocorticoid levels, like progesterone, peak during the afternoon of proestrus (26, 27) , and reducing glucocorticoid levels through adrenalectomy reduces the secondary FSH peak (11) , indicating that glucocorticoids may be necessary for normal regulation of the reproductive axis. Interestingly, in the pituitary, activin/ inhibin subunit and the activin receptor, ActIIR, mRNA lev-els are relatively constant during the estrous cycle (58) , although follistatin and inhibin levels fluctuate (24, 25, 58) . Therefore, it is tempting to postulate that activin may function to maintain FSH at basal levels, whereas other hormones interacting with activin (either antagonizing its function like inhibin and follistatin or synergistically interacting with it like GnRH and glucocorticoids) provide a means to rapidly and specifically regulate production of FSH. Additional in vivo studies will be required to understand to what extent glucocorticoids play a role in regulating FSH. In particular, it would be helpful to study a gonadotrope-specific knockout of GR to address what role that this receptor plays in regulating FSH and LH expression both in times of stress as well as in the normal functioning of the reproductive axis. Multiple studies have demonstrated a complex array of hormones that have been implicated in the regulation of the FSH secondary surge, including activin, inhibin, follistatin, GnRH, progesterone, and glucocorticoids. It is unlikely that any one hormone is responsible for generating the secondary surge; rather, this endocrine milieu functions together to regulate FSH synthesis.
In summary, this study has demonstrated the ability of activin and glucocorticoids to synergistically activate mouse FSH␤ expression in the L␤T2 immortalized gonadotrope cell line. This interaction is specific for FSH␤ and occurs directly at the level of the promoter. Both activin and glucocorticoid signaling components are required for synergy to occur, and multiple cis elements within the mouse FSH␤ promoter are important for generating this synergistic response. Furthermore, Smads play an essential role in the synergy between activin and glucocorticoids, and Smad3 and GR are sufficient to induce this synergistic response with glucocorticoids. This study highlights an interesting and potentially important physiological mechanism for regulation of FSH␤ gene expression and emphasizes the importance of future studies investigating the physiological role of glucocorticoids in the regulation of the reproductive axis.
